Abstract-We have measured the absorption, gain and spontaneous emission spectra of GaInNAsSb (3.3%N), GaInNAs (0.5%N) and GaInAs quantum well structures to compare their merits as laser gain media. The parameters describing the relations between peak gain and current provide only limited insight. From the analysis of absorption spectra we have determined the intrinsic properties of the structures, represented by the product [reduced density of states × matrix element × overlap integral], taking account of differences in operating wavelength, well width and confinement. We find only a small variation in this product across the samples. The GaInNAsSb structure has a low radiative recombination current due in part to its low photon energy and also to differences in conduction and valence band densities of states and less inhomogeneous broadening relative to GaInNAs. We speculate that Sb brings benefits as a surfactant producing more homogeneous wells so Sb may also be beneficial in structures at shorter wavelength. However, there is a large nonradiative current in GaInNAsSb and achieving further reductions in the non-radiative current is the major challenge in taking advantage of the good gain potential of this system.
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I. INTRODUCTION
T HE many decades of development of semiconductor laser diodes have shown continual reductions in threshold current density and this basic device characteristic remains an important figure of merit of new active region materials and structures. However, taken alone, the threshold current density offers little guidance on the potential for improvements in "material quality" or intelligent design of the overall device structure. More detailed information in the form of the relation between peak gain and current density is a valuable tool for optimisation of cavity length and facet reflectivity and the parameters commonly used to describe this curve are sometimes used as figures of merit when comparing active regions with different material systems. Although the influence of the waveguide can be taken into account, these data do not provide insight into the intrinsic capability of an optical gain medium, particularly for systems operating at different wavelength.
A topic of current interest is the use of dilute GaInNAs alloys to produce quantum well structures on GaAs substrates emitting at wavelengths of 1.3 μm and beyond [1] . The addition of Sb has enabled the emission wavelength of this system to be extended to the 1.5 μm region [2] , [3] . Further refinements have included the use of GaNAs barriers to compensate the large amount of strain in the wells [4] . With these developments it has been possible to produce devices with threshold current densities of 200 A cm −2 at 1.3 μm [5] and as low as 373 Acm −2 for a 3 mm long device at 1.55 μm [3] respectively. Through the interaction of the N defect level with the conduction band dispersion curve of the host material the band structure is modified by the addition of nitrogen to GaInAs, bringing about changes in effective mass, matrix element and density of states [6] . However calculations show that the band structure is sensitive to the statistical distribution and local environment of the nitrogen atoms and the formation of N-N pairs and clusters [7] . Furthermore the manner of incorporation of nitrogen is influenced by the use of Sb as a surfactant, as well as the direct effect of incorporated Sb on the band structure, though the concentration incorporated into the crystal is not necessarily known. Thus it is hard to predict the band structure and matrix element of specific samples since the N and Sb concentrations, both of which are small, may not be known with sufficient accuracy and the N distribution is not known. Additionally, these elements bring about changes in the emission wavelength which itself influences the optical gain and recombination rates, so the aim of this work is to analyse experimental data to identify changes in gain-current characteristics which arise directly from the intrinsic electronic band structure and indirectly from "external " factors such as differences in well width, waveguide characteristics, and emission wavelength (while recognising that the latter arises from the intrinsic band structure).
This question has been addressed by analysis of measurements of gain, absorption and emission spectra on three 0018-9197/$26.00 © 2011 IEEE different quantum well structures comprising GaInAs at 1.2 μm (as a reference), GaInNAs at 1.3 μm and GaInNAsSb at 1.55 μm; some data on GaInAs and GaInNAs has been reported previously [8] . This analysis shows that the parameters representing the measured gain-current curves alone do not provide a reliable means of comparing the gain-producing potential of these structures.
II. EXPERIMENTAL DETAILS
The GaInNAsSb wafer was grown by molecular beam epitaxy (MBE) and comprised a single 7nm GaInNAsSb (41% In, 3.3%N, 3% Sb) well with 20nm GaNAs barriers either side; the waveguide core is 440 nm thick and Al 0.33 Ga 0.67 As provides the waveguide cladding [3] . After growth the structure was annealed at 680°C for 10 mins in a rapid thermal annealer using a GaAs proximity cap. The high performance GaInNAs [9] and GaInAs [10] samples were grown using metal organic vapour phase epitaxy (MOVPE) and consist of a 6nm GaIn(N)As (0 or 0.5% N) well with 7.5nm GaAsP barriers within a 300nm wide waveguide core with AlGaAs cladding layers. The use of strain-compensated GaAsP leads to strain-compensated GaInNAs and GaInAs quantum well active regions. The compressive strain in all the samples studied is similar (2-2.5%) although, as the compositions are not known exactly, we cannot rule out small differences with consequent effects on the band structure. The optical confinement factors and mode index were determined using a standard slab waveguide computation using the nominal dimensions and compositions of the structures.
The gain characteristics were measured by the segmented contact technique [11] using pulsed excitation of 50 micron wide oxide-isolated stripe geometry structures at 300K. This single-pass measurement produces modal gain, absorption and spontaneous emission rate spectra. The spontaneous emission spectra were calibrated [11] and integrated to obtain the radiative current density. There was no measureable TM emission from these samples (none is expected due to the strain) and all measurements were made for TE polarised light. The modal absorption spectrum and the gain spectra give the internal optical mode loss (α i ), the photon energy of the half height of the absorption edge (E abs ) and the transparency photon energy (E t ) at each current. Fig. 1 shows measured values of peak modal gain obtained from the gain spectra (the measured net modal gain plus α i ) as functions of the measured applied current density (J tot ) (upper plot) and the radiative current density (J rad ) calculated from the measured spontaneous emission spectra for contributions from two TE transitions (lower plot). (Data in the form of Fig. 1 is sometimes obtained from measurements of threshold current density for different cavity lengths.) Additional gain versus radiative current density measurements for the GaInNAsSb material were taken on a device with three quantum wells to provide results at a lower injection per well. Our previous work [12] showed that the wells in these three and one well samples were similar and that both the peak gain (1) with parameters given in Table I. and radiative current density scale with well number so the results in the lower plot of Fig. 1 are given as modal gain per well and radiative current density per well. The total current density does not scale with well number, due to current flow by recombination in the barriers, so the three well data is not included in the upper plot of Fig. 1 , where all the results refer to a single well. The gain from a single pair of sub-bands can be represented by the analytic approximation due to McKilroy et al [13] in the equivalent modified form [14] 
III. GAIN-CURRENT RELATION
Here G pk represents the peak modal gain for the spectrum measured at the current density J ; J trans is the transparency current density (the current density at which gain is first produced where G pk is zero) and G 0 is the gain parameter which, with J trans , defines the parameterised gain-current characteristic. The values of parameters from these fits to the radiative current density are given in Table I (G 0 and J rad trans ), together with values for the total transparency current density ( J tot trans ). Comparing the total and radiative transparency currents it is clear that there are non-radiative contributions to the total current in all the samples, particularly those containing nitrogen. Where this non-radiative contribution is due to Shockley-Read-Hall (SRH) recombination it can in principle be eliminated, in which case the radiative current density indicates the intrinsic current density of the structure. In the case of GaInNAsSb wells our previous work [12] suggests that the intrinsic Auger recombination current density in the well may be significantly larger than the radiative current density, and simulations also show a substantial nonradiative current due to carriers thermally excited to the adjacent barrier material. We have estimated that if SRH recombination could be eliminated a threshold current density of 320 A cm −2 (Radiative + Auger) could be achieved in a similar structure for a 1 mm long device [12] . The experimental gain data of Thranhardt et al [15] also shows that a higher drive current is required to produce similar peak gain from GaInN 0.0043 As 0.9957 and GaInAs wells (by a factor of about 2). While the modal gain determines the threshold current, the local gain, if correctly used, may be more useful as a comparator since it is an intrinsic property of the gain medium. The modal gain for a single sub-band is only weakly dependent on well width and the expression for local gain, g, contains an artificial well width dependence which is compensated by the well width dependence of the confinement factor [16] . To remove this dependence we have calculated the local gain from the measured modal gain using the confinement factor for each waveguide structure each with a well width of 6 nm. This is given in Fig. 2 as a function of the radiative current density. The values of the local gain parameter, g 0 , obtained by fitting the same form as equation (1) are given in Table I and if this parameter is used as an intrinsic figure of merit it suggests a superior gain potential of the GaInAs structure with g 0 = 1240 cm −1 followed by GaInAsN and GaInNAsSb in order of descending values of g 0 .
A shortcoming of equation (1) is that the peak gain does not approach an asymptotic value at high current whereas the gain from a single pair of sub-bands tends to a saturation value at high current due to the form of the joint density of states function. While the saturation value of the gain, g sat is not usually accessible experimentally due to the onset of gain from the next pair of sub-bands it does provide a measure of the maximum gain which a single pair of sub-bands can provide. In principle g sat can be determined by fitting an alternative expression to the g-J data, originally proposed for quantum dot systems [17] Peak local gain per well cm −1 Fig. 2 . Local peak gain for a 6 nm wide well as a function of radiative current density per well, obtained from the modal gain data in Fig. 1 . The lines are fits of (1) with the parameters given in Table I . where γ is a further adjustable parameter which ideally is close to unity. We have tested equation (2) for wells by fitting it to a model g-J relation calculated for a single pair of sub-bands of a GaInAs well and find that it is not a good representation of the gain current relation and the values of g sat obtained depend upon the data range over which the fit is performed.
IV. OPTICAL ABSORPTION SPECTRA
A fundamental measure of the strength of the interaction with light is provided by the optical absorption spectra, which are shown in Fig. 3 . The values of internal optical mode loss, (determined by averaging values taken from both gain and absorption spectra in the region where the net absorption and gain is independent of photon energy) have been subtracted from the magnitude of the net absorption to produce these data and the spectra have been plotted relative to the photon energy at their respective band edges (E abs ). If we assume that many-body interactions produce similar enhancement effects under conditions for laser operation in all the samples then the relative values of modal absorption indicate the relative maximum gains which can be generated in these waveguides under full inversion. Figure 3 suggests that GaInAs has the superior modal gain capability, which is consistent with the values of G 0 , though the value of G 0 for GaInNAsSb (Table I) is lower relative to GaInAs than suggested by the modal absorption near the band edge in Fig. 3 . To isolate the influence of the intrinsic properties of the structures, we have calculated the local material absorption coefficient, α, from the modal absorption in the plateau region 0.01 to 0.02 eV above the band edge for a well width of 6 nm ( Table II ) and find that the local absorption of the GaInNAsSb structure is higher than that of the others. The absorption coefficient for a single pair of sub-bands is given by [16] 
where F c and F v are the envelope functions of the confined states in the conduction and valence sub-bands, ρ red is the reduced density of states per unit area, and M p is the momentum matrix element for transitions of polarisation p. This equation associates emission at a particular photon energy with transitions between a well-defined pair of states and therefore assumes that the joint density of states is slowly varying so that the effect of homogeneous broadening is small. (This is not true immediately at the band edge.) Using the values of α in Table II and the corresponding photon energy we have calculated values for the parameter
which is a measure of the overall strength of the interaction of the structure with light, independent of the photon energy. The values obtained for this parameter (in kg m −2 ) (± 8%) are GaInAs 7.4×10 −13 , GaInNAs 5.7×10 −13 (lowest) and GaInNAsSb 7.3×10 −13 . From these data we cannot determine the origin of differences in the values of Y determined from the absorption spectra. From k.p theory, when the effective mass (m*) is small compared with the free electron mass we expect the product (m*×M 2 ) to remain approximately constant ( [14] eqn A8.14) as N is added so that ρ red |M| 2 should not change significantly between GaInAs and GaInAsN. Tomic and O'Reily comment that although addition of 2% nitrogen is calculated to reduce |M T | 2 by about 30% the calculated joint optical density of states (and hence the absorption coefficient) shows a weak variation [6] . We estimate a reduction of about 23% in Y with the addition of a nominal 0.5% N to GaInAs, while the values for GaInNAsSb and GaInAs are similar. The overlap integral may be different between the structures and it is not clear whether it is included in the calculations of |M T | 2 in ref [6] though as defined by equation 4.21 of ref [14] this would be the case.
The absorption spectrum of the Sb-containing sample (Fig. 3) suggests that its density of states function may be peaked near the band edge in contrast to the other two structures. The GaInNAs structure has greater broadening of the absorption edge (Fig. 3 ) which may be due to inhomogeneous broadening due to well width or composition variations. It has been reported that a higher inhomogeneous broadening is required to fit gain spectra of GaInNAs quantum wells than GaInAs wells (17 meV compared to 11 meV) [15] . The role of Sb as a surfactant is to inhibit phase segregation and roughening which should reduce inhomogeneous broadening in the GaInNAsSb structure.
From values of local absorption coefficient in Table II (for the same well width) we conclude that the GaInNAsSb structure has highest gain-producing potential, even though it has a similar value of the intrinsic parameter Y to GaInAs; this arises largely as a result of its low photon energy (equation 3).
V. SPONTANEOUS EMISSION
A high gain capability must be assessed against the current required to achieve it, and the radiative recombination rate is also determined by the intrinsic factors within the quantity Y . However, we note that the GaInNAsSb sample has a similar value of Y to GaInAs but the lowest radiative transparency current density of all three samples (0.36 that of GaInAs, Table I ). However the structures have significant differences in photon energy and index which influence the relation between gain and recombination rate. Furthermore the total radiative current is obtained by integrating the spontaneous emission spectrum over the thermal carrier distribution and over all directions and polarizations, though in all these samples the TM emission is negligible. While there are substantial nonradiative contributions to the current, the emission spectra give insight into the width of the carrier distribution which is relevant to other recombination processes. The carrier distribution at a given temperature is determined by the form of the density of states functions for electrons and holes and the quasi Fermi level positions relative to the band edges determined by the requirement of charge neutrality. All these factors influence the spectrally integrated radiative recombination rate, in addition to factors in the parameter Y .
The spontaneous emission spectra for emission into a single TE mode measured at the drive current which produces a peak gain of about 860 cm −1 (for a 6 nm well) in each sample are shown in Fig. 4 plotted relative to the absorption edge of each sample. The large open symbols show the data points corresponding to the gain peak in each case. Under carrier injection many-body effects shift the gain and emission spectra relative to the absorption spectra, however our data suggests these shifts are similar in all three structures so we can effect a comparison between their spectra by plotting them relative to the absorption edge energy (E abs ). The spectra in the upper plot of Fig. 4 show clearly that the differences in total radiative current arise from differences in the magnitude of the radiative rate at the gain peak (for the same peak gain) and from differences in the spectral distributions.
A. Spontaneous Emission at the Gain Peak
The local gain and spontaneous emission rate at a given photon energy are related by [11] 
which is independent of the parameter Y . (The matrix element cancels exactly in this case because all the emission is in the same polarization as the gain so there is no average over polarization in the calculation of the total emission rate.) The occupation factors of the upper and lower states participating in the transition are f 1 and f 2 . The emission rates at the gain peak, for the same peak gain, (Fig. 4 , large open symbols) are different for each structure and their ratios relative to GaInAs (0.74 and 0.40 for GaInNAs and GaInNAsSb respectively) are not simply accounted for by the factor {n 2 (h ) 2 } (0.91 and 0.63 relative to GaInAs respectively) which implies there are also differences in the statistical factor in square brackets. This term is the reciprocal of population inversion factor P f [11] , and values of P f at the gain peak energy computed from the measured values of gain and emission rate using equation (5) are given in Table II . We conclude that the ratios of the spontaneous emission rates at the gain peak for the same peak gain, are due to a combination of factors: mode index, photon energy and population inversion factor, all of which culminate in a significant reduction in radiative current for GaInNAsSb. It is instructive to explore the reasons for the variations in the statistical factor for the same peak gain between the samples. The inversion factor P f is determined by the individual occupation factors of the pair of states participating in the transition, which in turn are determined by charge neutrality which specifies the individual electron and hole quasi Fermi level energies. The densities of states of the conduction and valence bands must be such as to bring about relative values of f 1 and f 2 which produce the high inversion factor in GaInNAsSb. We can estimate the quasi Fermi level separation necessary to achieve a gain of 860 cm −1 from the photon energy at which the gain is zero (the transparency energy E t ). The quasi-Fermi level separation relative to the band gap is an indication of the inversion of each system and if manybody shifts are similar for all three structures we can use the absorption edge (E abs ) as a reference to remove differences in the band gap. The values of the transparency energies for a peak gain of 860 cm −1 , relative to the respective absorption edge, are given in Table II and indicate that the GaInNAsSb structure achieves this gain with a marginally lower relative quasi-Fermi level separation than the other structures. This may be a consequence of its sharper band edge as indicated by the absorption spectra in Fig. 3 .
B. Spontaneous Emission Spectra
Finally, we make a comparison of the spontaneous emission spectra at the drive current necessary for a gain of 860 cm −1 . We do this by plotting the spontaneous emission spectrum of each structure relative to its spontaneous emission rate at the gain peak energy (h pk ) and since emission occurs over different spectral regions for each structure we take account of differences in photon energy by calculating the ratio:
as plotted in Fig. 4 . This shows how the total radiative currents are determined by the relative shapes of the spectra irrespective of the wavelength region. The ratios of the areas of the normalised spectra in Fig. 4 relative to GaInAs = 1 are GaInNAs 1.12 and GaInNAsSb 0.95. The consequences of the low relative quasi Fermi level separation for GaInNAsSb are apparent, in contrast to the broader spectrum for GaInNAs which may also be related to inhomogeneous broadening of the band edge in this sample, noted in section IV.
VI. DISCUSSION
From the values of the local gain parameter g 0 it could be concluded that the GaInAs structure has a marginally superior gain capability compared with the other structures, in contrast to the local absorption coefficient which is greatest for GaInNAsSb. The gain parameter is determined as the tangent to the gain-current curve through the origin [13] and, while G 0 is independent of multiplicative scaling of the current, in general its value is influenced by the transparency current: the lower the transparency current the lower the values of G 0 and g 0 for the same maximum gain at high current (in the limit as J trans → 0, g 0 → 0). While these parameters provide an analytic means of optimising a device structure, the gain parameter is not uniquely related to the gain capability of the system.
The absorption coefficient is a direct indicator of the light-matter interaction and the occupation factors are known ( f 1 = 0, f 2 = 1) provided the measurement is made at low excitation. The material absorption coefficient α is greatest for GaInNAsSb indicating that this system has the potential to provide the largest maximum gain. Values of the [matrix element×reduced density of states×overlap integral] product (Y ) from our measurements yield a value for GaInNAsSb which is similar to GaInAs, with the lower value for GaInNAs only just outside the experimental uncertainty. Thus the observed differences in absorption coefficient arise principally from differences in "external " factors: photon energy and mode index, rather the intrinsic band structure, measured by Y .
We expect the reduced density of states to increase with N content going down the list in Table II due to the increase in mass, however the momentum matrix element generally decreases with decreasing band gap and it is predicted that the local absorption coefficient is only weakly affected by addition of N [6] . Our results are broadly consistent with this within the measurement uncertainty.
Despite similar values for the intrinsic parameter Y , the low recombination current in the GaInNAsSb structure is in part due to its low photon energy and high population inversion factor; the latter may also be intrinsic, arising from differences in the relative conduction and valence band densities of states. A contribution to the wider emission spectrum of GaInNAs may be greater inhomogeneous broadening at the band edge, apparent in the absorption spectra. The sharper band edge in GaInNAsSb, despite its higher N content, may be due to Sb acting as a surfactant influencing the N incorporation and the lateral homogeneity of the well. It is the combination of these intrinsic and external factors which leads to the low radiative current for GaInNAsSb, while maintaining a higher local gain capability.
The total current in the GaInNAsSb structure is much greater than the radiative current at transparency and previous work suggests that Auger recombination may make a contribution to the non-radiative current. The emission spectra provide an indication of the carrier population and distribution and these also influence non-radiative processes. The spectra in Fig. 4 suggest both a lower carrier density and a narrower distribution in GaInNAsSb than in the other structures, and this must be a factor in moderating the Auger current and any currents related to carrier leakage.
VII. CONCLUSION
We conclude that the gain-current parameters do not provide reliable insight into the gain-potential of the structures studied. GaInNAsSb has the capability to produce more local gain than other structures at their respective wavelengths due primarily to differences in wavelength and index. The intrinsic [matrix element × density of states × overlap integral] is similar for the three stuctures, as predicted. Differences in the densities of states in the conduction and valence bands may contribute to the low radiative current in GaInNAsSb, through the high inversion factor, and the use of Sb may produce a sharper band edge in GaInNAsSb quantum wells compared with GaInNAs, benefitting the spectrally integrated recombination rate. If this is so, there may be benefits using Sb in the growth of structures at shorter wavelength. There is a large non-radiative current in GaInNAsSb and Auger recombination may well be significant though it should be moderated by the relatively low carrier density and narrow carrier distribution. Nevertheless achieving further reductions in the non-radiative current is the major challenge in taking advantage of the good gain potential of this system.
